Spring 2012 | PCI Journal 48 P recast, prestressed concrete side-by-side box beams are widely used in short-and medium-span highway bridges because of their simple design, low lifecycle costs, quick and easy construction, and low depth-tospan ratio. Side-by-side box-beam bridges are strong, durable, and attractive.
shear-key performance. 3 Others attribute it to excessive relative vertical displacement between adjacent box beams, which leads to the failure of the shear key as well. 4 To mitigate longitudinal deck cracking, different methods have been developed to analyze and design the connection between the box beams. For example, Bakht et al. 5 assumed that the load transfer from one beam to another was primarily through transverse shear, while transverse flexural rigidity was neglected. El-Remaily et al. 6 based their calculation for the required TPT force on the flexural rigidity and the lateral moment induced in the bridge due to moving traffic. Many agencies, such as the Michigan Department of Transportation (MDOT), use field experience to establish the number of diaphragms for each bridge span. 7 According to MDOT Bridge Design Guides, 7 four, five, six, or seven diaphragms are used for bridges with spans up to 50 ft (15 m), from 50 ft to 62 ft (19 m), from 62 ft to 100 ft (30.5 m), or over 100 ft, respectively. The level of TPT force per diaphragm is determined based on the design truck load. For example, a TPT force of 82.5 kip or 104.5 kip (367 kN or 464.8 kN) is required if the design truck is HS-20 or HS-25, respectively.
The methods used for analyzing the shear-key joint are based on the assumption that traffic loads are the key load action causing the initiation and propagation of longitudinal cracks in side-by-side box-beam bridges. However, some experimental investigations indicate that stresses associated with thermal gradients are the main cause of crack initiation, while crack propagation is controlled by traffic loads. 8, 9 Research significance Longitudinal deck cracking continues to be the primary cause of premature deterioration in side-by-side box-beam bridges. This comprehensive study combines the load actions from temperature gradient and traffic in determining the required TPT arrangement to mitigate crack initiation in the bridge deck. The findings are presented in design charts to enable design engineers to establish the adequate number of diaphragms and the proper TPT force per diaphragm based on the bridge span and width, respectively.
Objectives and scope
The goal of this study is to demonstrate that longitudinal deck cracking can be mitigated in side-by-side box-beam bridges by optimizing the TPT arrangement. The optimized TPT arrangement is established by analyzing and designing the bridge superstructure considering the combined actions from both traffic and temperature gradient. To achieve this goal, the following was done:
• Information and observations from the field were gathered and analyzed.
• A half-scale, experimental box-beam bridge model was constructed. The experimental bridge model was subjected to various loading arrangements to determine the influence of the traffic loads on the initiation of longitudinal deck cracking.
• A numerical study was generated and validated, using the data collected from the field and from the experimental bridge model, to study in detail the stress distribution and the development of the cracks in boxbeam bridges due to temperature gradient and traffic loads.
• The numerical study was extended to simulate boxbeam bridges with various spans and widths. The numerical bridge models were generated and analyzed to determine the number of diaphragms and TPT force required to mitigate longitudinal deck cracking due to the combined effect of temperature gradient and traffic loads.
Field observations
Through-thickness temperature data were obtained from a newly constructed spread box-beam bridge carrying M-50 over Grand River in Jackson, Mich. Figure 1 shows typical temperature profiles resulting in positive temperature gradients recorded during the summer. Good agreement was found between the field measurements and the American Association of State Highway and Transportation Officials' (AASHTO's) LRFD Bridge Design Specifications 10 temperature profile. Therefore, throughout this investigation, the AASHTO LRFD specifications' suggested temperature profile was used.
Case study: South Hill Road side-by-side box-beam bridge
The case study bridge is a typical skewed side-by-side box-beam bridge built in 1998. The bridge carries South Hill Road over Interstate 96 (I-96) in New Hudson, Mich. The bridge is 245 ft (74.7 m) long, and the deck slab is 45.5 ft (13.9 m) wide. The structure comprises two simply supported 122.5 ft (37.34 m) spans. A 6-in.-thick (150 mm) deck slab with a single reinforcement mesh was cast in place over 22 side-by-side precast, prestressed concrete box beams. Each box beam had a width of 48 in. (1200 mm) and a depth of 48 in. (Fig. 2) . The slab was made continuous over the intermediate support by providing additional longitudinal reinforcement at this location. Each span was provided with one diaphragm at each end and five diaphragms equally spaced in between. Only one post-tensioning bar was provided per diaphragm location. Each bar was post-tensioned with an initial force of 103.4 kip (459.9 kN). A minimum transverse prestress of 250 psi (1.72 MPa) is recommended in section 5.14.4.3.3c of AASHTO LRFD specifications. However, this limit of transverse prestress seems unreachable with the applied level of TPT force. The shear key was grouted to full depth between the box beams before applying the TPT force. The deck slab was reinforced with no. 
Experimental half-scale bridge model
An experimental half-scale bridge model was designed and constructed to evaluate the box-beam bridge deflection response due to traffic loads and different TPT levels as well as to determine the traffic load needed to develop longitudinal deck cracking. 11 The experimental bridge model comprised four side-by-side box beams with cross sections and dimensions as shown in For the purpose of further investigation, the box beams and deck slab were reinforced with carbon-fiber-reinforced polymer (CFRP) tendons instead of conventional steel reinforcement. Each beam was reinforced with five bottom (75 mm) deck slab reinforced with a single reinforcement mesh was cast in place after placing the beams side by side and grouting the shear keys. The 28-day compressive strength of the concrete in the box beams was 6000 psi (41 MPa), while the 28-day compressive strength of the concrete in the slab was 5700 psi (39 MPa). The shearkey joints were grouted using high-early-strength, one- Starting with a TPT force of 30 kip (130 kN), the bridge model was loaded to a total vertical load of 80 kip (360 kN) with no signs of longitudinal deck cracking. The TPT force in each diaphragm was reduced to 20 kip (90 kN) and then to 10 kip (45 kN). In both cases, the bridge sustained a total vertical load of 80 kip without developing any longitudinal deck cracking. The bridge model was then loaded with the vertical load but without any TPT forces in the diaphragms. The bridge model resisted a total vertical load up to 60 kip (270 kN) without any noticeable deck cracking. At a total load level of 70 kip (310 kN), small longitudinal cracks were observed over the interior shear keys at the ends and at the midspan of the bridge model. Each crack slightly propagated when the total load was increased to 80 kip (360 kN) (Fig. 5) . From these load tests, it was determined that to create longitudinal deck cracking, a high vertical load, greater than a regular service load, should be applied in the absence of TPT forces. On the contrary, the case study of the South Hill Road box-beam bridge showed that the bridge was constructed with 103.4 kip (459.9 kN) TPT force per diaphragm and also posted for heavy traffic, yet it experienced deck nonprestressed CFRP tendons, three bottom prestressed CFRP tendons with each tendon pretensioned with an initial prestressing force of 12 kip (53 kN), and five top nonprestressed CFRP tendons. All tendons had a diameter of 0.375 in. (10 mm) and a cross-sectional area of 0.11 in.
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(71 mm 2 ). Shear reinforcement was provided by no. 3 (10M) steel stirrups placed every 4 in. (100 mm). The bridge was provided with four 0.375-in.-diameter unbonded CFRP tendons through the transverse diaphragms to apply the TPT force. A constant TPT force was maintained using mechanical anchorage at the ends of the tendons. Therefore, the material of the tendons was not a parameter of study through this part of the investigation. The slab was reinforced with longitudinal and lateral nonprestressed CFRP tendons with a diameter of 0.305 in. cracking. Therefore, it can be concluded that regular traffic loads are less likely to induce the longitudinal deck cracking in side-by-side box-beam bridges constructed with TPT arrangements.
Numerical investigation
Because temperature effects are difficult to simulate in an experimental program, the combined effect of temperature gradients and traffic loads was studied in an extensive numerical investigation. First, to validate the numerical approach, a finite element model (FEM) was generated to simulate the experimental half-scale bridge model. Second, to investigate the effect of temperature gradient along with traffic load, another FEM was generated to simulate the South Hill Road two-span box-beam highway bridge. Third, to establish an adequate TPT arrangement, multiple models were generated and analyzed to simulate a wide range of box-beam bridges with different spans, widths, and depths using various sizes of standard box beams. Finally, design charts for the TPT arrangement as a function of the bridge geometry were developed. The following sections provide brief descriptions for each FEM along with the results. The numerical analysis was performed with commercial software. Detailed description of the models and the results can be found elsewhere. 12 
Numerical half-scale bridge model
The material properties for the concrete and the reinforcement used in the FEM were determined from uniaxial compression and splitting tensile tests on concrete cylinders and tensile tests of the CFRP tendons. 11 A continuum, plasticity-based damage model for concrete was used to model the material behavior in the box beams and the deck slab, while a linear-elastic model was used to model the material of the CFRP tendons up to fracture. The box beams and deck slab were meshed using a brick element. This is a three dimensional element with eight nodes. Each node has three transitional degrees of freedom. All the reinforcement was meshed using a two-node linear threedimensional truss element with each node having three degrees of freedom. 13 The FEM was analyzed under the same vertical load and TPT force levels used in the experimental investigation.
The crack maps (plastic strain maps) from the FEM showed no longitudinal deck cracking when applying a vertical load while providing a TPT force of 30 kip, 20 kip, or 10 kip (130 kN, 90 kN, or 45 kN) . When removing the TPT force from all of the diaphragms and applying a vertical load of 50 kip (220 kN), small longitudinal cracks developed at the bottom surface of the slab over the interior shear-key locations. The top surface of the slab did not experience any cracks at this load. The cracks propagated at the bottom surface of the slab at a load level of 60 kip (270 kN) and started to appear at the top surface of the slab at a load of 70 kip (310 kN). The cracks continued to propagate at both the top and bottom surfaces under a load of 80 kip (360 kN) (Fig. 6) . The initiation and propagation of these numerically predicted cracks agreed well with the observed cracks in the experimental bridge model for the same load cases. The cracks in the experimental model were first observed at the top surface of the slab under a load of 70 kip and then propagated under a load of 80 kip (Fig. 5) . Figure 7 presents the deflections of the experimental and numerical bridge models measured at the midspan section under different vertical loads. Under low loads, there was good agreement between the measured and predicted deflections. The difference between the measured and predicted deflections increased when the vertical load reached 50 kip (220 kN). This can be attributed to the fact that after reaching this load, longitudinal cracks started to develop in the deck slab. The numerical model was able to predict the crack locations accurately. However, beyond the cracking stress, the effect of the crack formation was modeled at the element level with a softening stress-strain response, which included strain localization in the concrete structure. Therefore, the width of the crack was not precisely simulated. However, the maximum difference in the deflections did not exceed 10%. In summary, good agreement was attained between the measured and predicted deflections and crack development in the half-scale bridge model. After they were successfully applied to the half-scale bridge model, the analysis methodologies were then extended to simulate the South Hill Road bridge behavior and to study the influence of temperature gradients, traffic loads, or both of them simultaneously.
Numerical full-scale bridge model
A numerical model of a single span of the South Hill Road highway bridge was developed. Each box beam was considered simply supported over two reinforced neoprene bearing pads. The slab continuity over the intermediate support was replaced by restraining the end nodes of the slab from longitudinal translation. The material properties were modeled as specified in MDOT project construction drawings.
Three types of loads were applied to the bridge FEM: construction loads, superimposed dead loads, and service loads. The construction loads included the longitudinal prestressing TPT forces, as well as box-beam and deckslab self-weights. These loads were applied to the box beams before the deck slab was integrated into the model. The prestressing forces were modeled as concentrated forces acting at the ends of the prestressing strands. The self-weight of the box beams and the deck slab were calculated assuming a concrete unit weight of 150 lb/ft tion 3.6.2) to emphasize for deck cracking over shear-key joints. Three critical locations (Fig. 8) for the AASHTO LRFD specifications vehicular loading HL-93 were determined as follows:
• One exterior lane of the bridge model was loaded (location I).
• Two exterior lanes (one at each side) were simultaneously loaded (location II).
• Two interior lanes (at the midwidth) were simultaneously loaded (location III).
Discussion of the full-scale bridge results
Under the effect of the self-weight of the box beams and the longitudinal prestressing force, the camber in the beams reached 1.693 in. (43.00 mm), while the camber anticipated (from analytical calculations) was 1.73 in.
(43.9 mm). The box beams were then transversely posttensioned with a TPT force of 103.4 kip/diaphragm (459.9 kN/diaphragm). It was observed that applying the TPT force at the diaphragms did not yield uniform transverse pressure on the sides of the box beams. Local regions at the span ends and at the diaphragms experienced transdiaphragm, was applied as a post-tensioning load. After applying construction loads, the deck slab was integrated to the FEM and the superimposed dead loads were applied. The superimposed dead loads included the self-weight of the barriers and the weight of a 2-in.-thick (50 mm) wearing surface. The time-dependent losses due to creep and shrinkage were calculated and deducted from the longitudinal prestressing force after applying the superimposed dead loads.
The service loads included applying positive or negative temperature gradient plus traffic loads. The traffic load was simulated using the AASHTO LRFD specifications vehicular loading HL-93, which consists of a combination of a design truck or tandem in addition to a design lane load (section 3.6.1.2.1 of AASHTO LRFD specifications). Further, to account for the probability of simultaneous lane occupation, the maximum traffic load effect was determined by considering each possible load combination of number of loaded lanes multiplied by the corresponding multiple presence factor m (section 3.6.1.1.2 of AASHTO LRFD specifications). The presence factor m was equal to 1.0 when two lanes were loaded and 1.2 when one lane was loaded. Furthermore, a dynamic allowance IM was added to the original load as a percentage of the static load of the truck or the tandem, but not the lane load. The limit of IM was taken as 75% (AASHTO LRFD specifications sec- The vehicular loading was applied according to established positions as defined by locations I, II, and III. The temperature gradient was applied to the entire surface area of the bridge model.
The deck slab in the bridge model did not experience longitudinal cracks under any of the first five load combinations. All of the developed cracks in the deck slab were localized at the ends near the supports, and the majority of the deck slab experienced either compressive stresses or tensile stresses less than the concrete tensile strength. At 100% of the positive temperature gradient, the slab experienced cracks at some locations at the corners near the barriers. Although the rest of the slab did not experience any cracks, the map of the stresses showed that some regions were about to develop cracks; the stresses were slightly less than the concrete tensile strength. Therefore, with the addition of the vehicular loading, the slab did experience longitudinal cracks over the shear keys (Fig. 9) . The developed cracks closely matched those reported by MDOT field inspectors.
From the finite element investigation, it appears that the box beams tend to separate from each other at the top when exposed to a positive temperature gradient. This separation generates high tensile stresses in the bottom surface of the deck slab and consequently initiates longitudinal cracks. This phenomenon confirmed what Miller et al. 8 concluded from their experimental investigation of shear-key cracking in side-by-side box-beam bridges.
Establishing an adequate TPT arrangement
An adequate TPT arrangement can be achieved by adjusting the TPT force level, the number of diaphragms, or both. Accordingly, the analysis to establish an adequate TPT arrangement was organized through the following steps:
1. FEMs were generated following the existing MDOT specifications for the TPT force level and the number of diaphragms. 7 verse pressure up to 925 psi (6.38 MPa), while the regions between the diaphragms exhibited nearly zero transverse pressure.
The midspan camber of the beams decreased to 0.69 in.
(18 mm) after adding the self-weight of the deck slab to the beams. The deck slab with its reinforcement was then integrated into model, and the entire FEM was subjected to the time-dependent losses in the longitudinal prestressing strands in addition to the superimposed dead loads. As a result, the slab experienced a transverse crack at the restrained end, which simulated the continuity of the deck slab over the intermediate support. This crack matched the observed transverse cracks at that location in the field.
To identify the load combination that caused the longitudinal cracks to develop in the deck slab, the FEM was analyzed under different combinations of the temperature gradient and traffic loads. The bridge FEM was subjected to the following conditions:
• AASHTO LRFD specifications vehicular traffic loading HL-93
• 100% of negative temperature gradient 2. The development of the cracks in the deck slab under the effect of the positive temperature gradient and AASHTO LRFD specifications vehicular loading HL-93 with an impact allowance of 75% was monitored.
3. The TPT force level was increased for the load combinations that developed deck cracks.
4. The number of diaphragms was increased for the load combinations where increasing the TPT force failed to eliminate the crack development in the deck slab.
5. Steps 2 through 4 were repeated until the deck slab remained uncracked.
Two sets of FEMs were generated. The first set was generated to simulate precast, prestressed concrete side-by-side box-beam bridges with spans of 50 ft, 62 ft, 100 ft, and 124 ft (15 m, 19 m, 30.5 m, and 37.8 m) and a constant width of 24 ft (7.3 m). This set of models was analyzed to establish an adequate number of diaphragms based on the bridge span. The second set of models included bridge models with the aforementioned spans but with widths of 45 ft, 58 ft, 70 ft, and 78 ft (14 m, 18 m, 21 m, and 24 m). This set of models was analyzed to establish the adequate TPT force per diaphragm based on the bridge width. All of the generated bridge FEMs comprised the following:
• Box beams of commonly used widths of 48 in. and 36 in. (1200 mm and 910 mm) and depths and reinforcement satisfying the flexural requirement for each span. The cross sections of the box beams were selected from the MDOT Bridge Analysis Guide.
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• TPT strands with end bearing plates. MDOT was interested in using unbonded TPT strands to facilitate beam replacement and repair in the future. To avoid corrosion problems related to the use of unbonded steel strands, CFRP strands were used instead. CFRP strands are noncorrosive, provide good resistance to environmental conditions, and have been implemented successfully in similar applications. [15] [16] [17] The number of strands per diaphragm was determined based on the depth of the box beam. For beam depths up to 27 in. (690 mm), one strand was placed at the middepth of the beam. For beam depths of 33 in. (840 mm) and over, two strands were placed at the third points of the beam depth.
• Six-in.-thick (150 mm) deck slab reinforced with single mesh of reinforcement at middepth of the deck slab. Based on earlier investigations, 18 a strength of 3000 psi (21 MPa) was considered a fair estimation for the concrete ultimate strength in the deck slab toward the end of service life. In addition, concrete with compressive strengths of 4000 psi and 5000 psi (28 MPa and 34 MPa) were also considered. Material properties for each class of concrete were calculated according to AASHTO LRFD specifications section 5.4.2.
• Elastomeric bearing pads for simply supported conditions.
• Nonshrink grout material in the shear keys connecting the adjacent box beams. The grout material was modeled as a friction interface element between the sides of the box beams.
Analysis, results, and discussion of TPT arrangements
The bridge FEMs simulating the number of diaphragms as currently specified in MDOT Bridge Design Guides 7 experienced longitudinal cracks between the box beams under service loads. Increasing the TPT force without increasing the number of diaphragms did not eliminate the longitudinal cracks. Therefore, the number of diaphragms was increased. Figure 10 presents the minimum number of diaphragms required to eliminate the development of the longitudinal cracks in bridges constructed using 48-in.-wide (1200 mm) box beams. Using one additional diaphragm over the minimum number is recommended to account for any unpredictable loads. The diaphragms should be equally spaced along the entire bridge span.
The analysis revealed that the concrete strength in the deck slab has a minimal effect on the adequate number of diaphragms, but the TPT force can be reduced with higher concrete strength. A TPT force of 150 kip (670 kN) per diaphragm was required for concrete with a strength of 3000 psi (21 MPa). The TPT force was reduced to 120 kip or to 100 kip (530 kN or 450 kN) per diaphragm when the 
Conclusion
This investigation was conducted with the main objective of understanding the problem of longitudinal deck cracking in side-by-side box-beam bridges. Field observations combined with experimental data were employed to identify the performance of box-beam bridges under the combined effects of thermal and traffic loads. In addition, a numerical investigation was conducted to simulate the behavior of box-beam bridges subjected to different realistic load combinations and to evaluate the relationship between the bridge geometry and the minimum TPT arrangement required to eliminate longitudinal deck cracking. Furthermore, and as a practical application for the findings, an adequate number of diaphragms and an appropriate TPT force per diaphragm were established for box-beam bridges constructed in Michigan and other regions with similar thermal and traffic conditions. The findings of this study support the following conclusions:
• Traffic loads do not appear to be the major factor in developing longitudinal cracks in the slab. The positive temperature gradient is the major contributing factor in the initiation of the longitudinal deck cracks in concrete strength was increased to 4000 psi or 5000 psi (28 MPa or 34 MPa), respectively. This can be attributed to the fact that concrete with higher compressive strength has slightly higher direct tensile strength and therefore is more capable of resisting deck cracking. When analyzing similar bridge models generated using 36-in.-wide (910 mm) box beams, there was a slight difference in the required number of diaphragms. Figure 11 shows the number of diaphragms for 36-in.-wide box beams. This slight difference in the number of diaphragms may be attributed to the change in the stiffness of single box beams associated with the change in the beam width.
The analysis for wider bridge models demonstrated that with increasing bridge width, higher TPT force was required to mitigate the deck cracking (Fig. 12) . In addition, the required TPT force slightly decreased with increasing strength of the concrete in the deck slab. Furthermore, the appropriate TPT force was independent of the width of the single box beam. • The appropriate TPT force for a certain bridge width is independent of the investigated widths of a single box beam. Furthermore, using narrower beams seems to have an adverse effect on the minimum number of diaphragms required to eliminate longitudinal deck cracking.
• To eliminate longitudinal deck cracking in bridges constructed using side-by-side box beams with a width of 48 in. (1200 mm), the minimum number of diaphragms should be provided based on the bridge span (Fig. 10) . The diaphragms should be equally spaced along the entire bridge span. For 36-in.-wide (910 mm) box beams, the number of diaphragms should be provided according to Fig. 11 . This figure presents the minimum number of diaphragms required to prevent the longitudinal cracks along with the recommended number of diaphragms. Each number of diaphragms obtained from Fig. 10 or Fig. 11 is applicable for all bridges having the corresponding span regardless of their widths. To counteract the effect side-by-side box-beam highway bridges. Therefore, to avoid longitudinal deck cracking, the maximum principal stresses in the deck slab should be limited and should not exceed the tensile strength of the concrete when the bridge is subjected to a positive temperature gradient with traffic loads and impact allowance.
• The transverse pressure over the sides of the box beams due to the application of the TPT forces at the diaphragms is nonuniform. The pressure is mainly localized at the diaphragm locations.
• The minimum number of diaphragms required to eliminate longitudinal deck cracking increases with increasing bridge span, while the minimum TPT force per diaphragm increases with increasing bridge width. In addition, using concrete with higher strength in the deck slab has a minimal effect on the required number of diaphragms but slightly reduces the required TPT force. of increasing the bridge width on the lateral tensile stresses, the TPT force should be adjusted according to Fig. 12 .
• Charts shown in Fig. 10, 11 , and 12 are valid for the design of the TPT arrangement in side-by-side boxbeam bridges constructed in Michigan and regions with similar or less harsh thermal and traffic conditions. These charts need to be evaluated for other regions with significant difference in thermal and traffic conditions.
